Bariatric surgery is currently the most effective method to promote major, sustained weight loss. Roux-en-Y gastric bypass (RYGB), the most commonly performed bariatric operation, ameliorates virtually all obesity-related comorbid conditions, the most impressive being a dramatic resolution of type 2 diabetes mellitus (T2DM). After RYGB, 84% of patients with T2DM experience complete remission of this disease, and virtually all have improved glycemic control. Increasing evidence indicates that the impact of RYGB on T2DM cannot be explained by the effects of weight loss and reduced energy intake alone. Weightindependent antidiabetic actions of RYGB are apparent because of the very rapid resolution of T2DM (before weight loss occurs), the greater improvement of glucose homeostasis after RYGB than after an equivalent weight loss from other means, and the occasional development of very late-onset, pancreatic b-cell hyperfunction. Several mechanisms probably mediate the direct antidiabetic impact of RYGB, including enhanced nutrient stimulation of L-cell peptides (for example, GLP-1) from the lower intestine, intriguing but still uncharacterized phenomena related to exclusion of the upper intestine from contact with ingested nutrients, compromised ghrelin secretion, and very probably other effects that have yet to be discovered. Research designed to prioritize these mechanisms and identify potential additional mechanisms promises to help optimize surgical design and might also reveal novel pharmaceutical targets for diabetes treatment. Keywords: diabetes; gastric bypass; bariatric surgery; ghrelin; GLP-1 Bariatric operations traditionally have been thought to cause weight loss through gastric restriction and/or intestinal malabsorption. Restrictive operations such as adjustable gastric banding (AGB) create a small pouch in the proximal stomach to reduce functional gastric capacity and retard gastric emptying. Malabsorptive procedures such as biliopancreatic diversion (BPD) leave much of the stomach intact but divert ingested food from the stomach to the ileum; thus, only a small segment of the distal bowel can absorb nutrients. The typical proximal Roux-en-Y gastric bypass (RYGB) creates gastric restriction and also causes food to bypass most of the stomach and a short segment of the proximal intestine, primarily the duodenum, leaving enough intact small bowel in digestive continuity to avoid clinically significant malabsorption. RYGB causes weight loss through gastric restriction and additional mechanisms involving changes in gut hormones and other processes under active investigation.
Bariatric operations traditionally have been thought to cause weight loss through gastric restriction and/or intestinal malabsorption. Restrictive operations such as adjustable gastric banding (AGB) create a small pouch in the proximal stomach to reduce functional gastric capacity and retard gastric emptying. Malabsorptive procedures such as biliopancreatic diversion (BPD) leave much of the stomach intact but divert ingested food from the stomach to the ileum; thus, only a small segment of the distal bowel can absorb nutrients. The typical proximal Roux-en-Y gastric bypass (RYGB) creates gastric restriction and also causes food to bypass most of the stomach and a short segment of the proximal intestine, primarily the duodenum, leaving enough intact small bowel in digestive continuity to avoid clinically significant malabsorption. RYGB causes weight loss through gastric restriction and additional mechanisms involving changes in gut hormones and other processes under active investigation. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] RYGB and BPD produce the highest and most rapid rates of remission of type 2 diabetes mellitus (T2DM).
Remission of diabetes after RYGB
Although bariatric surgery was designed to facilitate weight loss, anecdotal reports of rapid postoperative remission of T2DM emerged as early as the 1970s. In 1995, Pories et al. 4 reported long term results from 608 severely obese patients who underwent gastric bypass, with a 93% follow-up rate over 14 years. Beyond achieving substantial, durable weight loss (37% of total body weight at 1 year and 30% at 14 years), these individuals experienced remarkable remission of T2DM. Of the 146 patients with T2DM at baseline, 83% were normoglycemic without diabetes medications at the time of publication. Most interestingly, glucose levels often normalized within just a few days after surgery, before any significant weight loss had occurred. Subsequent research has shown very similar results. A meta-analysis of 136 bariatric surgery studies including 22 094 individuals confirmed an overall 84% remission of T2DM following RYGB. 3 The Swedish obese subjects study, a prospective, contemporaneously matched, multicenter trial of bariatric surgery vs medical care for obesity, reported outcomes after 2 years in 4047 patients, and at 10 years in 1703 patients, with outstanding retention rates. 1 At 2 years, no postsurgical patients had developed T2DM, whereas 5% of the medical control group had. At 10 years, the risk of developing T2DM was 43 times lower for surgically treated patients, whereas recovery from T2DM was 43 times more common. In these studies, the relatively small number of RYGB patients who did not achieve complete remission of T2DM were primarily characterized by a longer duration of disease, suggesting that they may have had insufficient residual b-cell mass to achieve euglycemia following surgery. At least seven published reports show significantly decreased overall mortality after RYGB, most notably two large, multicenter studies recently published in the New England Journal of Medicine. 2, 15 One of these reported a remarkable 92% decrease in diabetes-related deaths after RYGB. 15 Although bariatric procedures have traditionally been reserved for patients with BMI 440 kg/m 2 , or 435 kg/m 2 with significant comorbidities, the remarkable control of diabetes after RYGB raises the possibility that this operation could be a therapeutic option for less obese patients. Trials in people with BMI o35 kg/m 2 have reported complete remission of T2DM in a similar or even higher percentage of cases as in severely obese patients undergoing RYGB. 16, 17 Given that less obese individuals lose less absolute and proportionate body weight after RYGB than do severely obese persons, the similarity in their degree of T2DM remission hints that the operation might exert anti-diabetic effects beyond those related to weight loss. Consistent with this concept, experimental studies indicate that variations of RYGB improve T2DM not only in obese but also in nonobese diabetic animals.
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Despite a growing interest in using RYGB to treat T2DM, even among less obese or non-obese patients, the underlying mechanisms of action of this procedure have not been fully evaluated. As gastrointestinal (GI) surgery appears to eliminate T2DM more effectively, rapidly and durably than any existing non-surgical method, and because the usage of bariatric surgery is rapidly increasing worldwide, elucidating the mechanisms by which these operations improve glycemia is an important research priority. Such insights could lead to new pharmaceuticals that might mimic some of the dramatic anti-diabetic effects of surgery, without the need for a surgical procedure.
Mechanisms of diabetes improvement following bariatric surgery
The mechanisms by which bariatric procedures improve T2DM are yet to be fully determined. Earlier human studies of RYGB have reported the following findings (reviewed in Cummings et al. 10, 14 ) . The insulin sensitivity index, determined with intravenous glucose tolerance testing and minimal modeling, increases by 4-5 fold. This is associated with increases in the insulin-sensitizing hormone adiponectin, especially the important high molecular weight form, which rises in proportion to the amount of decrease in fat mass and predicts the degree of improvement in insulin sensitivity estimated by homeostatic model assessment. In muscle, the concentration of insulin receptors increases, as does the expression of the mitochondrial transcription cofactor PGC-1 and its target MFN2. As both insulin signaling and PCG-1 activity in muscle stimulate fatty acid metabolism, these changes would be predicted to reduce intramyocellular lipids. Indeed, lipid content decreases in muscle after RYGB, as it does in the liver. Lipid accumulation in both muscle and liver, which are the two biggest contributors to blood glucose levels, causes insulin resistance; hence, a fall in intracellular lipids in these key tissues increases insulin sensitivity.
Complementary observations have been made in humans following the malabsorptive bariatric procedure BPD, which has been studied more rigorously to date than RYGB in terms of mechanisms underlying glycemic improvement (reviewed in Cummings et al. 10, 14 ) . After BPD, favorable changes occur in genes regulating fatty acid and glucose metabolism in muscle. Also increased are insulin-induced glucose oxidation and non-oxidative glucose disposal. This is associated with the expected increase in muscle glucose uptake, as well as whole-body glucose uptake, a measure of overall insulin sensitivity. Insulin sensitivity is improved by 6 months following BPD and remains durably enhanced, showing no further improvements at 10 years after the operation than at 2 years.
A critical caveat about all of these observations is that they were made many months to several years following surgery, at which point profound weight loss had already occurred. As most or all of these findings are expected consequences of weight loss achieved by any means, it is not known whether they represent the secondary sequelae of massive weight loss or the direct anti-diabetic effects of the GI operations per se.
Evidence for weight-independent anti-diabetic effects of RYGB
The following lines of evidence indicate that RYGB improves glycemic control and causes remission of T2DM through mechanisms beyond those related to weight loss and reduced energy intake.
Rapid kinetics of diabetes improvement after RYGB T2DM typically resolves within several days to weeks following RYGB, long before substantial weight loss has occurred. 4, 5 In the landmark study, by Schauer et al. 5 of 1160 patients undergoing RYGB, among the 240 with T2DM severe enough to be treated with oral medications and/or insulin, 30% were discharged from their initial surgical hospitalization with normal plasma glucose levels off all diabetes medicinesFafter an average hospital stay of only 2.8 days. Most of the remainder discontinued their diabetes treatments within a few weeks, and the eventual complete remission rate was 83%. Similar rapid resolution of T2DM following RYGB has been observed by many investigators and clinicians, and the rate of in-hospital remission (that is, within a few days after the operation) has been reported to be as high as 89%. 22 In contrast, purely gastric-restrictive operations such as AGBFwhich, similar to RYGB, involve peri-operative restriction of energy intake followed by longterm weight lossFameliorate diabetes only after substantial weight loss is achieved. 6, 23 One study, in which glucose homeostasis was examined very soon after RYGB, reported that insulin sensitivity (estimated by homeostatic model assessment and the AUC (area-under-the-curve) glucose after an intravenous glucose tolerance testing) was significantly increased at only 6 days following surgery, before any meaningful weight loss had occurred. 22 In that study, the improvement in glucose tolerance appeared to result from reduced basal glucose levels before the i.v. glucose load, suggesting a primary improvement in hepatic insulin sensitivity. On the other hand, some investigators argue that RYGB ameliorates diabetes more through increased insulin secretion. 24 In summary, glucose homeostasis improves very rapidly after RYGB, often causing complete T2DM remission within a few days, long before weight loss occurs. The mechanisms of this early improvement are unknown, including whether they primarily involve increased insulin secretion, sensitivity, or both.
Greater glycemic improvement with RYGB than with equivalent weight loss from other means Undoubtedly, RYGB-induced weight loss contributes to diabetes improvement. The key question is whether glucose control improves more after RYGB than after other methods of weight loss, for a given amount of lost weight. Recently, several careful studies have addressed this question and yielded similar results, all indicating a weight-independent anti-diabetic effect of RYGB. LaFerrere et al. studied patients with T2DM who underwent either RYGB or dietary weight loss. Careful glucose-homeostasis phenotyping was carried out shortly before surgery and again postoperatively at an equivalent amount of weight loss (B9.5 kg in both groups). 25 The groups were exquisitely matched for preoperative severity and duration of diabetes, homeostatic model assessment values, oral glucose tolerance, magnitude of incretin effect, BMI, age and gender. After the weight-loss interventions, however, post-RYGB patients displayed substantially better glucose tolerance and incretin effect than did patients who had lost the same amount of weight with dieting. In an analogous study of RYGB vs AGB, Pattou et al. 26 found similar results. Fifty obese patients with T2DM, matched for preoperative BMI and degree of impaired glucose tolerance on oral glucose tolerance tests, were studied before surgery and again postoperatively when they had lost exactly 10% of their body weight. Despite equivalent weight loss, the post-RYGB group showed markedly better glucose tolerance by oral glucose tolerance testing than did the post-AGB group. Similarly, leRoux et al. 27 observed better glucose tolerance in people following RYGB than after equivalent weight loss from AGB, and the estimated insulin sensitivity of the post-RYGB group was equivalent to that of lean counterparts, despite a significantly higher BMI in the post-surgical patients. ) but poorly controlled T2DM (average hemoglobin A1c (HbA1c) 10% in both groups) to either sleeve gastrectomy or a sleeved version of RYGB, with a similar sized in-continuity gastric pouch after both operations (larger than in a standard RYGB). 29 The groups were matched preoperatively for BMI and HbA1c. Although RYGB ultimately causes greater and more durable weight loss than sleeve gastrectomy does, weight loss in this study was equivalent after both procedures for the first 6 months. At 6 months, however, with 15% weight loss in each group, HbA1c had fallen far more after RYGB than after AGB. Among RYGB patients, 93.3% had HbA1c values o7% at that time, compared with only 46.7% of the sleeve gastrectomy group, despite equivalent pre-and post-operative BMI values. In summary, glycemic control improves more after RYGB than after an equivalent magnitude of weight loss from dieting or purely gastric-restrictive bariatric operations, indicating an additional anti-diabetic impact of RYGB beyond just the consequences of weight loss, most likely related to the intestinal bypass component of the operation.
Cases of severe hyperinsulinemic hypoglycemia developing late after RYGB Hints that RYGB can exert weight-independent effects on b-cell mass and/or function come from increasing reports of patients with life-threatening hyperinsulinemic hypoglycemia developing long after surgery. 11, 30, 31 In 2005, Service et al. 30 reported in the New England Journal of Medicine 11 the details of six such cases, which these authors deemed adultonset nesidioblastosis, and which were severe enough to require partial pancreatectomy. Several other groups have since reported similar observations. [31] [32] [33] [34] [35] [36] At a recent meeting devoted to this topic at Harvard, B135 cases of severe, lateonset, post-RYGB hyperinsulinemic hypoglycemia were discussed, many with intractable neuroglycopenic episodes necessitating pancreatectomy. An intuitive explanation for this phenomenon is that severely obese patients develop hypertrophy and/or hyperplasia of b cells over many years in response to insulin resistance, and with the insulin-sensitizing effects of RYGBinduced weight loss, a mismatch arises between b-cell mass/ function and the degree of insulin sensitivity. This hypothesis, however, predicts that hypoglycemia should occur soon after surgery, before b cells have regressed and during the period of dynamic weight lossFor at the latest, near the body-weight nadir (B1 year post-op), 1 when insulin sensitivity should be maximum. In contrast, the cases of hyperinsulinemic neuroglycopenia reported to date have developed very late, from 1 to 9 years after RYGB, typically at 2-4 years. By this time, maximum weight loss has generally already been achieved, some weight regain has begun (presumably with a degree of insulin resistance), and b cells would be expected to have fully adjusted to the postoperative milieu. The implication of these findings is that RYGB might cause long-lasting stimulation of b-cell mass and/or function, a phenomenon that probably benefits the vast majority of patients with diabetes but occasionally goes too far.
Reports claiming that b-cell mass was increased in the pancreata of hypoglycemic post-RYGB patients who required pancreatectomy fueled enthusiasm that RYGB might activate b-cell trophic factors. 30, 31 Identifying these putative molecules could lead to new medical strategies to reverse the progressive b-cell failure that defines T2DM. Other investigators, however, claimed that pancreas samples from afflicted patients showed no increases in b-cell mass or proliferation beyond those expected from obesity, and therefore that the syndrome must arise from inappropriately increased b-cell function. 37 Still other investigators argue that the early glycemic effects of RYGB result from improved insulin sensitivity. 22 Indeed, the relative contributions from increased insulin secretion and/or sensitivity to the weightindependent anti-diabetic effects of RYGB are unclear. The question of whether or not RYGB stimulates b-cell growth remains controversial, and the debate is difficult to resolve in humans without pancreas samples from appropriately matched obese non-surgical patients. Regardless of the answer, a key point is that improvements in glucose tolerance never 'overshoot' with non-surgical weight loss; thus, these observations constitute additional evidence favoring weightindependent glucose-lowering effects of RYGB.
Theories regarding weight-independent anti-diabetic mechanisms of RYGB
There are several plausible hypotheses to explain the rapid, weight-independent glycemic effects of RYGB. [6] [7] [8] [9] [10] [11] [12] [13] [14] None of these theories is necessarily exclusive of these others, and any or all them may be operational to some degree.
The starvation followed by weight loss hypothesis A rather prosaic but important hypothesis to consider is that glycemic control improves soon after RYGB solely because patients are not permitted to eat much in the immediate postoperative period, and thus their residual b cells are only minimally challenged. After this major GI operation, most patients are initially deprived of all oral intake, followed by a period of consuming only clear liquids, then full liquids, and finally escalating to solid food. The ability of acute restriction of energy intake to transiently improve glycemia in T2DM is well known, and according to this model, by the time patients return to ad libitum eating, they begin to experience the insulin-sensitizing effects of dynamic weight loss from the bariatric operation. Although this hypothesis is undoubtedly valid to some degree, it fails to explain many observations about post-RYGB glycemic control. First, if this were the only important phenomenon, a similar degree of rapid diabetes remission would occur following all bariatric procedures. For example, AGB is also a major GI operation that is accompanied by a period of acute energy restriction followed shortly thereafter by progressive weight loss. After AGB, however, diabetes remits in only 48% of cases, compared with 84% of cases after RYGB. 3 More importantly, the pace of such remission is far slower after AGB than RYGB, and it is strongly linked to the timing and degree of weight loss. In a randomized trial by Dixon et al. of AGB vs best medical care to treat T2DM, none of the surgical patients had experienced remission of diabetes by 6 months after the operation, even though the disease ultimately did remit by 2 years in 73% of these individuals (who had very mild T2DM at baseline). 6, 23 In marked contrast, most patients with T2DM who undergo RYGB experience full remission of their disease within several days to a few weeks after the operation (vide supra).
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Patients undergoing many types of general surgery are subjected to immediate perioperative restriction of energy intake. However, rapid remission of T2DM is not observed in this setting; if anything, glycemic control tends to worsen after major surgery because of inflammation and upregulation of counter-regulatory stress hormones such as cortisol and catecholamines. The remarkable phenomenon of rapid postoperative dissipation of T2DM is unique to RYGB and certain other bariatric operations involving intestinal bypasses, such as BPD. Furthermore, the starvation-followedby-weight-loss hypothesis fails to explain the fact that glycemic control improves more after RYGB than after equivalent weight loss resulting from dieting or purely gastric-restrictive bariatric operations. Neither can this model account for the severe hyperinsulinemic hypoglycemia that sometimes develops late after RYGB. Hence, although the starvation theory is intuitive and has merit, it clearly does not account for the weight-independent antidiabetic impact of RYGB.
The ghrelin hypothesis Our group provided the first evidence suggesting that compromised secretion of the orexigenic, pro-diabetic upper GI hormone ghrelin might contribute to the anorexic and anti-diabetic effects of RYGB. 7 We found that human 24-h ghrelin profiles displayed marked preprandial surges followed by postprandial suppression, and that circulating levels increased in proportion to the amount of weight lost with dieting. These and other observations implicated ghrelin in mealtime hunger as well as in the adaptive increase in appetite that resists non-surgical weight loss. 7 As 490% of ghrelin is produced by the stomach and duodenumFtissues directly altered by RYGBFwe hypothesized that ghrelin regulation might be disturbed following this operation. Indeed, we found that ghrelin levels in post-RYGB patients were extremely low throughout the 24-h period, a paradoxical response in the face of profound prior weight loss. Since then, eight other groups have reported in prospective studies that human ghrelin levels fall after RYGB (or at least are more suppressed by food intake), and four cross-sectional studies have confirmed abnormally low ghrelin levels in post-RYGB patients compared with appropriate controls (reviewed in Cummings et al.
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. Ghrelin levels also decrease after RYGB in rats and mice. Three other groups found no significant change in human ghrelin levels after RYGB, but these authors interpreted this as an impairment in the adaptive response of ghrelin, which would increase with weight loss caused by other means. In contrast, four groups have reported normal increases in ghrelin with RYGB-induced weight loss. These heterogeneous findings suggest that differences in surgical techniques, possibly involving treatment of the vagus nerve, 38 might lead to compromised ghrelin secretion after most, but not all, variants of this operation.
Beyond possibly contributing to the marked decrease in appetite and food intake that follows RYGB, compromised ghrelin secretion might also help improve glucose tolerance.
14 Ghrelin can stimulate at least three of the four counter-regulatory hormones that oppose insulin action; it suppresses the insulin-sensitizing hormone adiponectin; it blocks intracellular insulin signaling directly in hepatocytes (at the level of PI3 kinase) and it inhibits insulin secretion. All of these actions raise blood glucose levels, as do ghrelin's effects to increase food intake, GI motility and body weight. Thus, to the extent that RYGB compromises ghrelin secretion, this should help lower glycemia.
The lower intestinal hypothesis
An intuitive hypothesis is that bariatric operations that create intestinal shortcuts to expedite delivery of ingested nutrients to the lower bowel accentuate the secretion of glucagon-like peptide-1 (GLP-1), thereby improving glucose homeostasis. GLP-1 is an incretin that increases glucose tolerance by enhancing insulin secretion, suppressing glucagon secretion, inhibiting gastric emptying, increasing b-cell mass (at least in animals), and possibly improving insulin sensitivity. 39 The peptide is produced primarily in the ileum and colon by nutrient-stimulated L-cells, which also secrete peptide YY and oxyntomodulin. All three of these L-cell products reduce food intake and are therefore implicated as possible contributors to the anorectic effects of some bariatric operations. Consistent with the lower intestinal hypothesis, the two bariatric operations most noted for rapid, high frequency T2DM remissionFRYGB and BPDFboth create GI shortcuts for food to access the distal bowel. After BPD, which conducts food directly from the stomach to the ileum, postprandial GLP-1 excursions are unquestionably increased. It is less obvious that this would occur with RYGB because its intestinal shortcut is far less extensive. Moreover, GLP-1 secretion normally arises not only from direct nutrient contact with distal intestinal L-cells but also from proximal nutrient-related signals that are transmitted from the duodenum to the distal bowel via neural pathways. As the latter mechanism is silenced after RYGB, which diverts nutrients away from the duodenum, this operation might theoretically lower postprandial GLP-1 levels. Nevertheless, recent studies clearly show that meal-stimulated secretion of GLP-1 and other L-cell peptides such as peptide YY is, indeed, substantially and durably increased after RYGB, whereas this does not occur after AGB. 27, 28, 40, 41 Consistent with elevated postprandial GLP-1 secretion, post-RYGB patients display an increased incretin effect. 25, 40 As GLP-1 not only enhances insulin secretion but can also increase proliferation and decrease apoptosis of b cells, 39 it is a candidate mediator of the increase in b-cell mass that is claimed by some investigators to accompany post-RYGB hyperinsulinemic hypoglycemia. 30, 31 Further support for the lower intestinal hypothesis comes from experiments involving ileal interposition. In this operation, a segment of L-cell-rich ileum is transplanted into the upper intestine near the duodenum-jejunum boundary, thereby increasing its exposure to ingested nutrients. As predicted, this configuration greatly enhances postprandial GLP-1 and peptide YY surges. This is associated with improved glycemic controlFwith or without concomitant weight loss depending on the rodent model or humans studiedFin the absence of any gastric restriction or malabsorption. [42] [43] [44] [45] Whether improved glucose tolerance results primarily from enhanced insulin secretion, as predicted from increases in the incretin GLP-1, or from improved insulin sensitivity is unclear, and findings from different experiments support both possibilities.
The upper intestinal hypothesis
This hypothesis postulates that exclusion of a short segment of proximal small intestine (primarily the duodenum) from contact with ingested nutrients exerts direct anti-diabetic effects, presumably through one or more unidentified, nutrient-regulated duodenal factors or processes that influence glucose homeostasis. Dr Francesco Rubino was the first to provide strong evidence supporting this model. He developed a gastric-sparing variant of RYGB known as the duodenal-jejunal bypass (DJB), in which the stomach is left intact, but an intestinal bypass is created that excludes from digestive continuity the same modest segment of proximal small intestine as is excluded in a standard RYGB. 19 In Goto-Kakizaki rats, a non- Subsequent work has provided evidence that the antidiabetic impact of DJB in rats is specifically related to exclusion of the proximal small intestine from nutrient contact. 13 A variation of DJB, in which ingested food passes from the stomach into both the proximal jejunum and the proximal duodenum, had no impact on glycemia. GotoKakizaki rats subjected to DJB with duodenal exclusion followed by DJB without duodenal exclusion, or vice versa, experienced reversible remission and reconstitution of T2DM. Diabetes was eliminated or restored on the basis of the absence or presence, respectively, of nutrient flow through the duodenum, with a fixed and unchanging degree of minor shortcutting for nutrients to reach the lower bowel. 9 These studies indicate that in rats the enhanced delivery of nutrients to the distal intestine is not the only explanation for early diabetes improvement following upper intestinal bypass. The work strongly implicates a role for the excluded proximal intestine per se, identifying a fundamentally novel physiological effect of RYGB and possibly shedding light on the pathogenesis of T2DM. In addition, support for the upper intestinal hypothesis comes from experiments in which a flexible plastic sleeve is implanted in the upper intestine, conducting food from the pylorus to the start of the jejunum without coming in contact with duodenal mucosa. Such endoluminal duodenal sleeves cause only minor or no weight loss, but they markedly improve glucose tolerance. In humans with T2DM, the placement of this device caused substantial improvement in fasting and postprandial AUC glucose levels starting as early as 1 week, long before any weight loss had occurred. 47, 48 By 6 months, although minor weight loss (3.8 kg) had recently begun, glycemia was disproportionately improved, with a remarkable fall of HbA1c levels by 2.9%, a result better than would be expected with any T2DM medicine except insulin. A very intriguing and unexpected feature of both DJB and upper intestinal sleeves is that they reduce fasting and postprandial blood glucose levels to approximately the same degree, and consistent with this continuous reduction in glycemia, they have a major impact on HbA1c levels. 13, 19, [46] [47] [48] Thus, although these interventions seem only to re-route the flow of food through the GI tract after meals, they exert salutary effects on glycemia that persist between meals.
Summary and conclusions
Roux-en-Y gastric bypass causes complete remission of T2DM in a large majority of cases, and mounting evidence indicates that this remarkable phenomenon results from effects beyond those related to reduced food intake and body weight. Weight-independent anti-diabetic actions of RYGB are apparent because of the very rapid resolution of T2DM (before weight loss occurs), the greater improvement of glucose homeostasis after RYGB than after equivalent weight loss from other means, and the occasional development of very late-onset b-cell hyperfunction. Several mechanisms likely mediate the direct anti-diabetic impact of RYGB, including enhanced nutrient stimulation of L-cell peptides (for example, GLP-1) from the lower intestine, intriguing but still unidentified phenomena related to exclusion of the upper intestine from contact with ingested nutrients, compromised ghrelin secretion, and most probably other effects that have yet to be discovered. It is increasingly clear that the gut plays a major role in glucose homeostasis, regulating both insulin secretion and sensitivity, and RYGB probably influences several GI pathways in complementary ways to improve glucose control. Teasing out which of these effects are the most important, as well as identifying potential additional mechanisms, is a compelling research objective that promises not only to help optimize surgical design but also to reveal entirely novel targets for the medicinal treatment of diabetes.
